Lignin and its Relevance for Biorefineries
==========================================

The cell wall of plants is composed of cellulose, hemicellulose, pectic polysaccharides, lignin, and structural proteins that are covalently and non-covalently linked forming a macromolecular network, also known as lignocellulose ([@B23]). It is the most abundant renewable resource on earth and, hence, an appealing starting material for the production of biofuels and chemicals, e.g., *via* fermentation of saccharides ([@B45]; [@B30]). Likewise, the lignin part of lignocellulose may represent a promising source for aromatics and other useful chemicals. Overall, this would lead to the entire lignocellulose valorization, whereby pretreatments to fractionate the three main components---hemicellulose, cellulose and lignin---must be applied ([@B24]; [@B44]).

Lignin is a complex aromatic heteropolymer, with a production of 60 billion metric tons per year ([@B31]), accounting for 30% of the earth's non-fossil organic carbon ([@B4]). It is derived from oxidative coupling of three monolignols: *p*-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S) units, linked together *via* a variety of ether and C-C bonds (Figure [1](#F1){ref-type="fig"}). The ratio of G:S:H units varies from species to species, but softwoods are generally G-type lignins containing up to 90% G units, hardwoods generally contain roughly equal parts of G and S units, whereas grasses assemble lignin from G, S, and H but contain a higher proportion of H units ([@B16]; [@B62]). The linkages formed during radical coupling of lignin monomers vary between species and can be either C-C or C-O bonds, though the β-*O*-4 arylether (henceforth termed β-ether) is the most prevalent type of intermolecular bonds, accounting for 45--60% of total linkages present in lignin (Figure [1B](#F1){ref-type="fig"}, [@B2]; [@B49], [@B48]).

![**Schematic representation of lignin precursors, lignin structure and lignin model compounds. (A)** Monolignols used in natural lignin synthesis. **(B)** Representative lignin structure with β-*O*-4 arylether bonds highlighted in red. **(C)** Dimeric lignin model substrates with a β-*O*-4 arylether linkage used in enzyme characterizations \[GVG: β-guaiacyl-α-veratrylglycerone; GVE: β-guaiacyl-α-veratrylethanone; 2,6-MP-VG: β-(2,6-methoxyphenoxy)-α-veratrylglycerone; 3,5-MP-VG: β-(3,5-methoxyphenoxy)-α-veratrylglycerone; GGE: guaiacylglycerol-β-guaiacyl ether; MUAV: α-*O*-(β-methylumbelliferyl)-acetovanillone\].](fmicb-06-00916-g0001){#F1}

With such a high annual production, lignin holds potential to become a useful feedstock for biorefineries ([@B65]; [@B7]). Yet, the intrinsic resistance of lignin to depolymerization is a hurdle, and thus nowadays almost 98% of lignin is burned to serve as a heat and energy source in pulp and paper industry ([@B65]). Accordingly, a current fundamental challenge is to develop sustainable technologies for converting lignin streams into valuable chemicals and aromatic compounds. To this end, chemical and biocatalytic methods are being intensively investigated ([@B61]; [@B43]). For instance, several chemical (catalytic) methods have been reported, e.g., using acids, bases, metal-catalysis, ionic liquids, etc. ([@B25]; [@B29]; [@B15]; [@B21]; [@B53]; [@B59]; [@B64]; [@B46]; [@B26]). Due to the complexity of lignin structures, it is challenging to develop a general catalyst that can specifically cleave ether and C-C bonds to form functional aromatic compounds. Furthermore, once the low-molecular lignins are released, there is a tendency for these species to undergo re-condensation, often leading to more recalcitrant molecules ([@B32]). On the other hand, due to lignin complexity, the resulting streams usually consist of a mixture of non-defined products, often in low yields, that are difficult to purify and upgrade ([@B41]; [@B61]).

In this field, biochemical methods may lead to environmentally-friendly and selective approaches for lignin valorization (provided that optimized processes are set-up). So far, a variety of white-rot fungi, as well as bacteria, have been reported to degrade lignin by means of different enzymes and catabolic pathways ([@B60]; [@B66]; [@B19]; [@B57]; [@B32]; [@B51]; [@B1]; [@B6]). Despite its potential, however, the enzymatic depolymerization of lignin is a somewhat undeveloped research topic. To date, six enzymatic activities have been reported to modify lignin: lignin peroxidases (LiPs), manganese peroxidases (MnPs), versatile peroxidases (VPs), dye-decolourizing peroxidases (DyP), laccases, and β-etherases ([@B14]; [@B8]; [@B43]). LiPs and VPs are able to oxidize and cleave the recalcitrant non-phenolic structures, which comprise the lignin scaffold ([@B58]; [@B22]; [@B11]). MnPs and VPs oxidize Mn^2+^ to Mn^3+^, which can oxidize only the minor phenolic units in lignin ([@B20]). Furthermore, laccases possess relatively low redox potentials that restrict their direct action to the oxidation of the phenolic lignin components ([@B9]). The oxidation of non-phenolic lignin moieties by laccases, instead, is performed *via* redox mediators: compounds of small molecular weight that act as electron shuttles to oxidize complex polymers (e.g., lignin), which do not have access to the enzyme's active site ([@B10]; [@B27]). Recently, also members of the DyP peroxidase family were reported to catalyze lignin degradation by oxidation of Mn^2+^ to Mn^3+^ as well as direct oxidation of lignin sites ([@B3]; [@B5]; [@B47]). Hence, multiple oxidative enzyme systems are produced by lignin-degrading microorganisms, acting in a coordinate manner with distinctive action on lignin to facilitate the efficient cleavage of the polymer. However, based on their intrinsic radical-based mechanisms, all of these enzymes proceed through unselective mechanisms, causing random lignin depolymerization and probably the condensation of released monolignols into more recalcitrant and complex polymers ([@B32]).

In this scenario, non-radical lignolytic enzymes---such as β-etherases --, may become of utility for biorefineries. These enzymes catalyze the cleavage of the β-ether bonds present in lignin using glutathione as cofactor (see below). As the β-ether bond is the most abundant one in lignin (Figure [1B](#F1){ref-type="fig"}, [@B2]), the use of (optimized) β-etherases would enable a more specific and effective pathway for lignin depolymerization and valorization, yielding valuable, industrially useful low-molecular-mass lignins retaining aromatic rings. In the following sections, an overview of these enzymes and their emerging use in biocatalysis will be given.

Biocatalytic Pathways for β-ether Degradation With β-etherases
==============================================================

The first β-etherases were already reported during the 1980s, when *Research Corporation Technologies, Inc*. patented etherases from *Erwinia* sp. able to cleave β-ether bonds in lignin ([@B55]). Shortly after that, β-etherase activity was described for the α-proteobacterium *Sphingomonas paucimobilis* SYK-6 (later renamed *Sphingobium* sp. SYK-6), which was isolated from a pond for the treatment of waste liquor from a kraft pulp mill ([@B38]). The latter strain was found to grow on several lignin-based, β-ether-containing dimeric model substrates indicating its versatile catabolism for lignin-derived aromatic compounds and the presence of a wide variety of catabolic enzyme systems ([@B38], [@B35], [@B37], [@B33], [@B34]). Elucidation of the β-*O*-4 arylether degradation pathway in *Sphingobium* sp. SYK-6 revealed the presence of three different β-etherases, LigE, LigF, and LigP, catalyzing the glutathione-dependent, reductive ether bond cleavage of α-keto-containing β-ether substrates such as β-guaiacyl-α-veratrylglycerone (βGVG; Figure [2A](#F2){ref-type="fig"}). The presence of a carbonyl group close to the ether linkage increases the polarity of the ether bond, allowing the ether bond to be easily cleaved by β-etherases. In natural lignin, however, instead of keto groups, hydroxyl ones are present in α-position to the β-ether bonds (Figure [1B](#F1){ref-type="fig"}). Hence, in *Sphingobium* sp. SYK-6 these hydroxyl groups are first oxidized by different stereoselective Cα dehydrogenases to the corresponding carbonyl compounds ([@B36]; [@B52]). Also β-etherases LigE, LigF, and LigP are stereospecific enzymes cleaving either β(*R*)- or β(*S*)-ether linked substrate enantiomers. Moreover, as the nucleophilic attack of the cofactor GSH on the carbon atom at the β-position of substrates follows a S~N~2 mechanism, β-ether cleavage proceeds with inversion of β-chirality ([@B35]; [@B17]). Hence, whereas LigF produces GS-β(*R*)VG from β(*S*)GVG, LigE and LigP are selective for β(*R*)GVG to provide GS-β(*S*)VG (Figure [2A](#F2){ref-type="fig"}, [@B33]; [@B17],[@B18]; [@B42]). The glutathione adduct formed by the action of β-etherase LigF is further converted by LigG, a glutathione lyase catalyzing the GSH-dependent β-thioether cleavage of GS-β(*R*)VG to produce oxidized glutathione (GSSG) and β-deoxy-α-veratrylglycerone ([@B33]; [@B17]). The latter is further metabolized by *Sphingobium* sp. SYK-6 serving as a growth substrate. LigG also exhibits very low activity on the GS-β(*S*)VG enantiomer. This activity, however, is too low for efficient utilization of the (*S*)-adduct. Hence, [@B17] suggested that both enantiomers of GS-βVG could be interconverted by a racemase, and thus, only LigG would be required to cleave the thioether in GS-βVG.

![**Biocatalytic pathways for β-***O***-4 arylether degradation in nature. (A)** Biocatalytic pathway of *Sphingobium* sp. SYK-6 involving bacterial alcohol dehydrogenases LigD, LigL, LigN, and LigO, glutathione (GSH)-dependent β-etherases LigE, LigP, and LigF as well as GSH-dependent glutathione lyase LigG ([@B56]). Applying an NADH-dependent glutathione reductase from *Allochromatium vinosum* (AVR), internal cofactor (NAD^+^ and GSH) regeneration could be achieved in an *in vitro* enzyme system consisting of LigD, LigF, and LigG for lignin depolymerisation ([@B50]). **(B)** GSH-independent β-ether cleavage by a fungal β-etherase from *Chaetomium* sp. 2BW-1 ([@B40]).](fmicb-06-00916-g0002){#F2}

Apart from the previously described β-etherases LigE, LigF and LigP from *Sphingobium* sp. SYK-6, several attempts to identify potential novel β-etherases by using database miming approaches have been recently reported ([@B18]; [@B42]). Thus, closely related LigE and LigF homologs have been identified clustering together in a respective phylogenetic tree. Of these, two LigE as well as three LigF homologs -- LigE-NS ( = NsLigE) and LigF-NS from *Novosphingobium* sp. PP1Y, LigE-NA ( = NaLigE) LigF-NA ( = NaLigF1) and NaLigF2 from *Novosphingobium aromaticivorans* DSM12444 -- were shown to cleave the β-ether bonds in various model substrates confirming them as true β-etherases ([@B18]; [@B42]). Remarkably, all the confirmed etherase enzymes are derived from *Sphingomonads*, suggesting that the occurrence of bacterial β-etherases is restricted to this group of microorganisms, which are often involved in the biodegradation of aromatic compounds in the environment ([@B63]; [@B28]; [@B39]). In contrast, more distantly related LigE and LigF homologs, LigP-SC from *Sorangium cellulosum* So Ce56 and RpHypGST from *Rhodopseudomonas palustris* CGA009, positioned on a different clade in the phylogenetic tree as compared to LigE or LigF, were reported to be inactive on β-*O*-4 arylether substrates ([@B18]; [@B42]). This suggests that likely many of the GST sequences currently annotated as "putative β-etherase" in public databases are actually not true β-etherases (i.e., acting on lignin-derived β-*O*-4 aryl ether subunits), but exhibit different substrate specificities.

In addition to the above-described bacterial enzymes, an extracellular β-etherase has also been isolated from an ascomycete of the genus *Chaetomium*. So far, this is the only known report of a fungal β-etherase capable of cleaving the β-ether linkage of the phenolic lignin model compound, guaiacylglycerol β-guaiacyl ether ([@B40]). In contrast to the bacterial β-etherases LigF, LigE and LigP, the fungal enzyme does not require GSH as a cofactor but the presence of a phenolic ring and a Cα hydroxyl group in the dimeric β-*O*-4 aryl-ether substrate (Figure [2B](#F2){ref-type="fig"}). The enzyme catalyzes β-ether cleavage by the addition of two molecules of water at Cα and Cβ positions, resulting in the formation of guaiacylglycerol and guaiacol from guaiacylglycerol-β-guaiacylether. The mechanism is thought to proceed through a quinonemethide intermediate in which β-ether bond scission occurs ([@B40]). The fungal β-etherase has also been described to cleave respective β-ether bonds in a synthetic lignin prepared by the peroxidase-catalyzed dehydropolymerization of coniferyl alcohol and guaiacylglycerol-β-*O*-4-methylumbelliferone. On this basis, this enzyme holds great potential for application in enzymatic lignin depolymerization, albeit the gene coding for this enzyme has not been identified yet.

Biocatalytic Applications of β-etherases: From model Compounds to Lignin Degradation
====================================================================================

With regard to biocatalysis, until now only few recent studies have focused on the biochemical features and catalytic application of β-etherases in lignin valorization. Thus, the biocatalytic performance of the above mentioned (novel) β-etherases toward several (racemic) model substrates has been tested ([@B50]; [@B17],[@B18]; [@B42]). All β-etherases stereospecifically cleaved the β-aryl ether bonds when incubated with GSH. As LigE and LigP, also LigE-NS and LigE-NA only accepted the (*R*)-enantiomers as substrate yielding the corresponding β-(*S*)-glutathionyl-conjugates selectively. Likewise, only the (*S*)-enantiomers were converted in the LigF-NS-, LigF-NA-, and NaLigF2-catalyzed reactions producing the corresponding β-(*R*)-glutathionyl-conjugates, as reported earlier for LigF ([@B17]; [@B42]). Hence, it was hypothesized that sequence-related LigF homologs, also uncharacterized ones found in the databases, generally exhibit (*S*)-selectivity, whereas LigE homologs cleave β-ether bonds generally with (*R*)-selectivity ([@B18]). Studies on the pH and temperature dependency of reported β-etherases revealed that all enzymes exhibit the highest activity at temperatures between 20°C and 30°C and at alkaline pH in the range from 8.5 to 10. Moreover, β-etherases LigE, LigF and LigF-NA still displayed activity up to 60°C ([@B50]; [@B42]).

A comparison of substrate specificities and reactivities of β-etherases on the different dimeric model compounds revealed that substrate specificities of all enzymes follow a similar trend although absolute activities differ significantly. Though the achiral, side-chain-truncated model substrate β-guaiacyl-α-veratrylethanone (GVE, Figure [1C](#F1){ref-type="fig"}) was fully converted by each enzyme ([@B17]; [@B42]), reported specific activities suggest (except for LigF) that the side chain might have a notable influence on the β-etherase activity. Moreover, methoxy substitution patterns at the aromatic ring next to the ether bond significantly influence enzyme activities. Whereas methoxy groups in *ortho*-position, as in β-(2,6-methoxyphenoxy)-α-veratrylglycerone, have an activating effect resulting in high specific etherase activities, methoxy substitutions in *meta*-position, as in β-(3,5-methoxyphenoxy)-α-veratrylglycerone, are highly deactivating. Thus, only LigF and LigF-NA displayed still very low specific activity on the latter (non-natural) lignin model substrate. Interestingly, β-etherase LigF-NA was found to exhibit always the highest specific activity toward the mentioned lignin model substrates ([@B42]). Furthermore, [@B18] also showed that beside the guaiacyl-β-guaiacyl (e.g., GVG) and guaiacyl-β-syringyl (e.g., 2,6-MP-VG) model substrates also the corresponding syringly-β-guaiacyl and syringyl-β-syringyl model substrates are converted by all tested β-etherases ([@B18]). However, none of the enzymes could hydrolyze the β-arylether linkage in the corresponding Cα-hydroxyl-containing lignin dimeric compounds, confirming the dependency of β-etherases on a carbonyl group at the Cα position ([@B42]). Moreover, β-etherase activity is restricted to lignin-derived arylether compounds, as substrates carrying only one aromatic ring at the β-ether linkage were not converted by the tested β-etherases.

To enable simpler, faster and more convenient analytical methods to determine β-etherase activity, a fluorometric activity assay has also been reported ([@B38], [@B33]; [@B50]; [@B42]). Ether bond cleavage of the fluorogenic lignin model compound α-*O*-(β-methylumbelliferyl)-acetovanillone (MUAV, Figure [1C](#F1){ref-type="fig"}) results in the release of fluorescent 4-methylumbelliferone, enabling easy detection and quantification of β-etherase activity. Determination of kinetic parameters revealed, however, that specific activities of all enzymes using MUAV as substrate were several orders of magnitude lower than those determined with the other dimeric lignin model compounds ([@B42]).

The above-described studies all used lignin model compounds, mimicking the chemical structure of β-*O*-4 aryl ether linkages occurring in natural lignins, to characterize the different β-etherases. However, it must be noted that β-etherase activity toward those substrates does not necessarily imply enzymatic activity on more challenging lignin polymers. In this respect, a first step toward the application of β-etherases in lignin polymer degradation was the use of a fluorescently-labeled synthetic lignin, synthesized by dehydrogenative polymerization of coniferyl alcohol and MUAV ([@B54]), in bioconversions with β-etherases ([@B42]). Remarkably, all identified β-etherases were active on that synthetic polymer material as indicated by fluorescence release. Additionally, ESI-MS analyses confirmed the formation of novel fragments with smaller masses when compared to the untreated polymeric lignin. In another study, published by Reiter et al., the catalytic β-arylether degradation pathway of *Sphingobium* sp. SYK-6, consisting of alcohol dehydrogenase LigD, β-etherase LigF and glutathione lyase LigG, was utilized to cleave the β-ether linkages in complex lignin substrates, such as kraft-lignin and organosolv lignin ([@B50]). Together with an NADH-dependent glutathione reductase from *Allochromatium vinosum*, efficient cofactor (NAD^+^ and GSH) regeneration was achieved resulting in a self-sufficient enzymatic process with net internal hydrogen transfer (Figure [2A](#F2){ref-type="fig"}). However, only little polymer degradation was achieved as evidenced by a slight increase of monomeric and dimeric aromatic units, released from the lignin polymer upon enzymatic treatment ([@B50]). Thus, it was hypothesized that a low content of β-ether linkages present in kraft and organosolv lignin as well as a possible inhibition of the enzymes by sulfides or solvent residues, stemming from the lignin pretreatment procedures, might explain the overall low polymer degradation efficiency.

Future Perspectives
===================

β-Etherases hold the potential to become relevant enzymes in the development of selective methods for lignin depolymerization, catalyzing a chemically challenging reaction with high selectivity and under extremely mild conditions. To date, different β-etherases have been identified, cloned, expressed, and biocatalytically characterized toward different model dimeric substrates, a lignin-like (fluorescent) polymer, as well as on different "real" lignin samples. Overall, the proof-of-concept is successful, and β-etherases can *in vitro* cleave the β-ether bond of lignin samples, yet still at low rates and under *academic* processing conditions. Before a robust industrially-sound biocatalytic application may be envisaged, considerable optimization and validation with these enzymes must be made. From substrate "preparation" (e.g., previous oxidation of Cα-hydroxyl group in lignin) to strategies to regenerate the cofactor GSH in a smart and efficient manner, need to be carefully addressed and optimized. In this line, the set-up of multi-step enzymatic processes that could lead to full valorization of different lignin streams may be of utmost importance. Companies, such as *Aligna Technologies Inc*., are already active in patenting activities in this direction, covering pre- and post-steps of the β-etherase performance ([@B12],[@B13]). Overall, it can be anticipated that more research and innovations in this field will emerge in the coming years.
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